Stress fibres and associated focal adhesions in cells constitute a contractile apparatus that regulates cell motility and contraction. Rho-kinase, an effector molecule of small GTPases, regulates non-muscle cell motility and contractility. Rho-kinase mediates the contraction of stress fibres in a Ca 2þ -independent manner, and is responsible for slower and more finely tuned contraction of stress fibres than that regulated by myosin light chain kinase activity in living cells. The specific inhibition of the Rho-kinase activity causes cells to not only lose their stress fibres and focal adhesions, but also to appear to lose their cytoplasmic tension. Activated Rho-kinase is also involved in the organization of newly formed stress fibres and focal adhesions in living cells.
INTRODUCTION
Actin-myosin-based contractile systems play important roles in regard to the contractile activity of both in situ and in vitro cells, including the contraction of striated and non-striated cells, movement of cells, cleavage activity of dividing cells, etc. Bundles of actin-containing microfilaments in animal cells are prominently found in many types of cells. Bundles of actin filaments and myosin filaments (myosin II) contain motor proteins in the contractile apparatus that enable actin bundles to contract. Myosin filamentcontaining actin bundles play an important role in motor activity that enables such bundles to contract. There are three major contractile structures in the tissues: striated muscles in skeletal muscles, non-striated muscles in smooth muscles and non-muscle contractile structures called stress fibres. Smooth muscle cells contain typical contractile structures within tissues, localized in the digestive organs, uterus, blood vessels, etc. They do not have the usual periodical striation pattern observed in typical striated muscles. Smooth muscle cells require slow and sustained contraction of the cells in comparison with the skeletal muscle cells. Although the morphological structure of stress fibres significantly differs from that of smooth muscle cells, the basic macromolecular architecture of the smooth muscle is found in the stress fibres, indicating that the stress fibre is really a contractile apparatus within the cell [1] . Moreover, the fundamental structure of a nonstriated muscle cell is partially similar to that of the stress fibre structure [1] . Although the contractile force and function as contractile machinery of stress fibres seem to be slightly immature in comparison with those of striated and non-striated muscle cells, the stress fibre seems to be the prototype of the skeletal and smooth muscle cells. The stress fibre is a highly effective contractile mechanism in non-muscle cells, a specifically characterized structure adapted for sustained and fine-tuned contraction within the cell.
Stress fibres are prominent bundles of actin and myosin filaments seen in many cell types, and are generally accepted to be major components of the actin -myosin-based contractile system in cells. The presence of stress fibres has been demonstrated in cultured cell systems, such as fibroblastic cells, endothelial cells and smooth muscle cells. However, stress fibres have also been demonstrated in vivo in scleroblasts of fish scales [2] , endothelia cells of blood vessels [3] , mesothelial cells of the peritoneal cavity [4] and epithelial cells of the proximal tubules of kidney [5] . All of the stress fibres observed both in vitro and in vivo have actin -myosin-based contractile proteins including tropomyosin, alpha-actinin, filamin and some other contraction and adhesion-related proteins, and represent contractile activity in the cell. The presence of myosin filaments is responsible for the contractile nature of the stress fibres in fibroblastic cells [1, 6, 7] . Stress fibres terminate directly on focal adhesions where several adhesion-related proteins that connect the cell membrane to the underlying substrate are accumulated [8] . Stress fibres isolated by detergent extraction from cultured fibroblasts contract in response to Mg 2þ -ATP with Ca 2þ [1, 9] . The contraction of isolated stress fibres following extraction with Triton X-100 detergent is caused by the phosphorylation of the myosin light chain (MLC) via a calmodulin/ myosin light chain kinase (MLCK) system in a calcium-dependent manner, which is the same mechanism as that for smooth muscle contraction.
Ras homology (Rho) proteins are small GTPases involved in signal transduction in the cell. Rhoassociated kinase (called Rho-kinase, ROCK2 and Rok-alpha) [10 -13] is an effector of Rho small GTPases. The activation of Rho-kinase, which is downstream of Rho, modulates the organization of stress fibres and focal adhesions [14] [15] [16] [17] . Moreover, Rho-kinase phosphorylates the MLC either directly or indirectly in a Ca 2þ -independent manner in vitro [15, 16] . Rho-kinase is a serine/threonine kinase that regulates phosphorylation of the 130 kDa myosinbinding subunit (MBS) of myosin phosphatase (myosin phosphatase target subunit 1; MPYPT1). Rho-kinase is activated by the RhoA, which thus results in the phosphorylation of MBS on threonine residue 697 and serine residue 854. The phosphorylation of threonine residue 697 is implicated in the inhibition of myosin phosphatase [18, 19] . Rho-kinase-dependent phosphorylation of MLC is by inhibition of the myosin phosphatase activity via phosphorylation on threonine residue 696 of MBS [18 -20] . The phosphorylation of MBS on threonine residue 697 inhibits the myosin phosphatase activity and leads to Rho-kinaseassociated phosphorylation of MLC [19,21 -24] . Both Rho-kinase and MBS are effectors of RhoA. The RhoA/Rho-kinase complex is localized on both smooth muscle fibres and stress fibres via myosin phosphataseRhoA interacting protein (M-RIP) [25] . Rho-kinase and MBS are involved in many cellular processes downstream of RhoA, including stress fibre and focal adhesion organization, smooth muscle contraction and neurite retraction (for reviews, see [26] [27] [28] ). Rho-kinasemediated phosphorylation of MLC via MBS is really essential for stress fibre formation in fibroblasts [29, 30] .
Previous studies have suggested that the actinmyosin contraction system is regulated by at least two independent systems, i.e. the Ca 2þ -dependent calmodulin/MLCK system and the Ca 2þ -independent Rho-kinase system [29 -33] . The actions of the actomyosin-based cytoskeleton are functionally diverse, depending on Rho-kinase-mediated regulation and the MLCK-mediated regulation [33] . Treatment of living cells with both MLCK and Rho-kinase inhibitors induces motility, and treatment with MLCK inhibitor reduces the activation of Rac, a typical GTP-binding protein, while Rho-kinase inhibitor treatment does not.
A recent report suggested that both Rho-kinase and MLCK together play highly important roles in cellular behaviour, such as the regulation of cadherin-based adhesion strength [34] , the regulation of morphological and permeability changes of endothelial cells [35] and phagocytosis in the central nervous system [36] . Some other reports have demonstrated the presence of differential regulatory effects in Rho-kinase and MLCK. The receptor-type tyrosine-protein phosphatase (RPTPalpha)-mediated increase in the number and size of focal adhesion and stress fibres is dependent on the MLCK activity, but not on the activity of Rhokinase [37] . On the other hand, extracellular stiffness influences both the expression and the activity level of RhoA/Rho-kinase-mediated contraction-associated proteins [38] . The tissue stiffness of tumour cells could drive transformation by Rho-kinase-dependent cell tension, but not as a result of MLCK-dependent effects [39] . An elevated level of Rho-kinase activity seems to accelerate the rigidity and stiffness of tumour cells by the contraction of cytoskeletal components, such as stress fibres and focal adhesions.
Cell tension organized by stress fibres is essential for many types of cell activities, such as cell movement [40] [41] [42] , anchoring of cells to the extracellular matrix [8, [43] [44] [45] and mechanosignal transduction into the cell [8] .
The regulation of actin -myosin-based contraction in cells is unclear, despite recent progress in the understanding of the regulation of cytoskeletal organization in non-muscle cells. In addition, the organization of stress fibres and associated focal adhesions in the cell also remains to be elucidated. This review article will discuss the Rho-kinase-dependent contractile activity generated by stress fibres and their organization within the cell, together with the Rho-kinase-dependent organization of focal adhesions.
CONTRACTION OF STRESS FIBRES CAN BE REGULATED WITH MLCK IN A Ca

-DEPENDENT MANNER
Phosphorylation of the MLC is the primary event in the regulation of the contractile mechanism in smooth muscle and stress fibres. Myosin light chain phosphorylation is effective at low Ca 2þ levels, thus reflecting an increase of Ca 2þ sensitivity in the actin -myosin contractile structure. Ca 2þ sensitivity is thought to occur via the regulation of myosin phosphatase.
Several groups have reported evidence of a contractile mechanism of stress fibres in living cells [6, 7, [29] [30] [31] . It is possible to isolate stress fibres from cells without any loss of contractility [1, 9] . Stress fibres were isolated from cultured fibroblasts using an extraction solution containing Triton X-100, providing a model of the non-muscle actin -myosin contractile system. The regulation of their contraction can be observed in vitro and demonstrates that stress fibres themselves actually have a contractile structure [1] .
The contractility of the extracted cells and actinmyosin-containing structures, including the contractile apparatus of non-muscle cells, has been reported previously. The non-muscle contractile apparatus of the circumferential microfilament bundles in retinal pigmented epithelial cells represents 40 per cent of the original length [46] , while that of the contractile ring of cells represents about 25 -35% of the original length [47, 48] , that of kidney proximal tubules in rats represents 80 per cent of the original length [5] , and brush borders of the intestinal epithelium show a slight diameter change in association with contraction [49] . Several groups have reported that stress fibres are really contractile, and that they can indeed regulate isomeric tension within the cell [50] . The stress fibres with Mg 2þ -ATP contracted to 60 per cent of the original length in a microdissection model [10] , 80 per cent in glycerol-extracted cells [51] and 75-80% in a digitonin-extracted cell model [51] . Stress fibres isolated with detergent treatment contract in response to Mg 2þ -ATP [1] . The major and essential factor responsible for the contraction of stress fibres is the phosphorylation of MLC. Myosin light chain phosphorylation occurs when isolated stress fibres are treated with Ca 2þ and Mg 2þ -ATP in a Triton X-100-based extraction solution. In this case, phosphorylation of MLC is inhibited by the specific MLCK protein kinase inhibitor ML-7. The contraction of isolated stress fibres is completely inhibited by ML [52] . The extent of contraction of isolated stress fibres in fibroblasts is more substantial than other types of cell contractility, and stress fibres represent the fastest actin -myosin-based contractile system found in non-muscle cells.
Ca
-INDEPENDENT RHO-KINASE-MEDIATED CONTRACTION IN STRESS FIBRES
RhoA is a Rho-protein expressed in most cell types. Living fibroblasts show reorganization and contraction of stress fibres following treatment with lysophosphatidic acid (LPA) or bombesin [17, 53] . These drugs are RhoA activators; thus, this response appears to be mediated by RhoA [17, 53] , which is an upstream regulator of Rho-kinase. An immunofluorescence analysis and immunoelectron microscopy demonstrated that RhoA and Rho-kinase also bind to stress fibres [29, 54] . Moreover, biochemical studies indicate that Rho-kinase binds to myosin II and is thus localized on the stress fibres [54] . These findings strongly suggest that Rho-kinase and myosin II act synergistically to control the contractile activity of the stress fibres. Several biochemical studies have also demonstrated that Rho-kinase phosphorylates the MLC of isolated smooth muscle fibres [16, 55] and extracted fibroblasts [56, 57] . In vitro experiments have indicated that Rhokinase phosphorylates MLC directly, and Rho-kinase was also shown to phosphorylate MLC indirectly by inhibition of myosin phosphatase activity [15, 16] . The inactivation of myosin phosphatase by the phosphorylation of MBS of myosin phosphatase (threonine residue 697) with active Rho-kinase reduces Ca 2þ sensitization and results in the increased phosphorylation of MLC, thus leading to stress fibre contraction [16, 18, 19, 29] . Stress fibres, isolated by detergent treatment, that lack Rho-kinase contracted when constitutively active Rho-kinase was added, and an increased level of MLC phosphorylation was observed [29] . Activation of Rho-kinase in living cells strongly induces stress fibre and focal adhesion organization in cultured fibroblasts [29, 31] [58]. These results indicated that the phosphorylation of MLC in nonmuscle is attributed to an inhibition of the myosin phosphatase catalytic activity by Rho-kinase. Review. Rho-kinase-dependent regulation K. Katoh et al. 307 In addition, stress fibres can be partially isolated using a glycerol-based extraction solution without Triton X-100, and these isolated stress fibres contract upon addition of Mg 2þ -ATP without Ca 2þ . The calmodulin/ MLCK contractile system requires Ca 2þ ions, and therefore the Ca 2þ -independent contraction is due to Rhokinase activity. The contraction of glycerol-isolated stress fibres is not inhibited by MLCK inhibitors [29] . Biochemical and immunofluorescence analyses indicate that glycerol-isolated stress fibres contain bound RhoA and Rho-kinase. However, immunoblotting and immunofluorescence analyses indicate that Triton X-100-isolated stress fibres (over 5 min extraction) do not carry RhoA or Rho-kinase. These observations strongly suggest that Ca 2þ -independent glycerol-isolated stress fibre contraction is owing to the activity of Rho-kinase. Glycerolisolated stress fibre contraction is inhibited by HA1077 and Y-27632, both of which are specific inhibitors of Rho-kinase. The above results indicate that stress fibre contraction is regulated in two independent ways, i.e. a Ca 2þ -dependent calmodulin/MLCK system and a Ca 2þ -independent Rho-kinase system [29] .
COMPARISON BETWEEN THE REGULATION OF STRESS FIBRE AND FOCAL ADHESION FUNCTION BY RHO-KINASE AND MYOSIN LIGHT CHAIN KINASE
Stress fibre contraction is dually regulated by a Ca 2þ -dependent calmodulin/MLCK system and a Ca 2þ -independent Rho-kinase system. Kinetic analyses of isolated stress fibre contraction suggest that the Ca 2þ -independent Rho-kinase system causes slower contraction than the Ca 2þ -dependent MLCK system in fibroblasts [29, 31] . Both the speed and extent of contraction in the Rho-kinase system are less than those mediated by the typical MLCK/calmodulin-contraction system. Stress fibres show extensive and more rapid contraction when constitutively active Rho-kinase and Ca 2þ ions are added to isolated stress fibres to induce both MLCK and Rho-kinase activity. The stress fibres possess two independent regulation systems, which seem to regulate different types of contraction; the calmodulin/MLCK contractile system supports transient and rapid contraction, while the Rho-kinase contractile system supports continuous and slow contraction.
Several studies have demonstrated the roles of MLCK and Rho-kinase in the organization of stress fibres and focal adhesions [29] [30] [31] [32] [33] 58, 59] . The Rho-kinase inhibitors, HA1077 or Y-27632, cause the disassembly of the stress fibres and focal adhesions located in the central portion of the cell within 1 h. However, the stress fibres and focal adhesions located at the cell periphery are less affected by such Rho-kinase inhibitors [29, 32] . Rho-kinase inhibitors specifically affected both stress fibres and focal adhesions mainly in the central portion of the cell. In addition, electron microscopic analyses indicate that these two types of fibre are typical stress fibres, although they differ in both their location and thickness [58] . Multiple studies examined whether the two types of stress fibre and their associated focal adhesions differ in the properties of their contraction mechanisms in addition to their morphological features, and also whether they respond differently to various inhibitors that affect MLC phosphorylation [30] [31] [32] [33] 59 ]. The treatment of living cells with the Rho-kinase inhibitor Y-27632 results in the specific disassembly of the stress fibres located at the central portion of the cell. The peripherally located stress fibres show only a slight reduction in thickness, but are otherwise hardly affected by the Rho-kinase inhibitor [31, 58] (figure 1). The arched region at the leading edge of the cell protrudes gradually after Rho-kinase inhibitor treatment, and thus forms arches that are less distinct. The local movement of the plasma membrane at the cell periphery can be explained by the relaxation and loss of contractile tension within the cell. This observation indicates that the relaxation of the cytoplasm and the cell cortex may be owing to inhibition of Rho-kinase activity. When the inhibitor-treated cells are washed with fresh medium to remove the inhibitor, some of the arches at the cell periphery gradually contract again to form distinct arches [29, 58] . These observations, therefore, support the hypothesis that Rho-kinase generates overall cell tension within the cell.
On the other hand, peripheral stress fibres and focal adhesions are markedly affected by the typical MLCK inhibitor ML-7 [1, 29] . The stress fibres located at the cell periphery appear to be disrupted by inhibition of MLCK, while the central stress fibres remain unaffected (figure 1). A loss of peripheral stress fibres causes cell rounding, and the motility of cells is significantly inhibited. The two types of stress fibres have different contractile properties. Contraction of the peripheral stress fibres starts before the central stress fibre begins to contract [31] . The difference in the reactivation of peripheral and central stress fibres indicates that the two stress fibre contraction systems are regulated differently within a cell. The central stress fibre is more sensitive to Rho-kinase inhibitors than to MLCK inhibitors [31] . Rho-kinase activity is necessary for maintaining the organization of the stress fibres and focal adhesions in the central portion of the cell. On the other hand, MLCK activity is necessary for maintaining their organization in the peripheral portion of the cell. The reason for the two different kinase regulation systems within a cell is unclear; however, the difference reflects the functional differences in these two kinetic regulatory systems of stress fibre contraction.
CONTROL OF RHO-KINASE-DEPENDENT CONTRACTION OF STRESS FIBRES AND ORGANIZATION OF FOCAL ADHESIONS
Two systems are needed to generate different types of contractility in living cells. The first type of rapid and short-lived contraction, which can generate strong contractions, is induced by the Ca 2þ /calmodulin-mediated MLCK system. Ca 2þ release within the cell is thought to be a rapid and transient event that occurs in localized areas, and therefore this type of contraction seems to be triggered rapidly by Ca 2þ in highly localized regions of the cell. The other type of cell contraction, the sustained type, is apparently not generated by Ca 2þ influx. A sustained type of contraction may be induced by Rho-kinase without Ca 2þ by flexible control of the level of myosin phosphatase activity. The activation level of myosin phosphatase can be easily fine-tuned by Rho-kinase, because it acts in a Ca 2þ -independent manner [29, 32] . The results of the kinetic analyses also indicated that the Ca 2þ -dependent MLCK system induces more rapid contraction of stress fibres, while the Ca 2þ -independent Rho-kinase system causes slower contraction. Schematic illustrations of the proposed model of the two independent regulatory systems of stress fibre organization are shown in figure 2 .
The mechanism underlying the regulation of Rhokinase-dependent organization of stress fibres and focal adhesions remains to be elucidated. The Rhokinase-dependent reorganization of stress fibres occurs along small focal adhesion-like structures located at the centre of adherent fibroblasts. Accumulation of actin filaments and bundling occurs initially along a small focal adhesion-like structure [58] . The organization of the focal adhesion-like structure precedes the organization of the stress fibres. Moreover, treatment with (S)-(2)-blebbistatin, a specific inhibitor of myosin II, prevents the reorganization of stress fibres, but it does not affect the reorganization of focal adhesions [58] . These observations strongly suggest that Rho-kinase either directly or indirectly influences not only the organization of stress fibres but also the organization of focal adhesions.
The Ca 2þ -independent stress fibre contraction by Rho-kinase-dependent systems may be involved in the maintenance of general and sustained tension over the whole cell, while the Ca 2þ -dependent MLCK system may be used to induce rapid and transient contraction of the stress fibres. The selective mechanisms of action of Rho-kinase and MLCK in stress fibre and focal adhesion organization have not been determined. Further studies are, therefore, required to analyse the position-specific effects of Rho-kinase-dependent organization of stress fibres and focal adhesions.
CONCLUSION
Stress fibres are contractile cytoskeletal structures present in many cell types. The contraction of stress fibres is regulated by the phosphorylation level of Review. Rho-kinase-dependent regulation K. Katoh et al. 309 MLC in two independent ways within the cell, i.e. a Ca 2þ -dependent calmodulin/MLCK system and a Ca 2þ -independent Rho-kinase system. The Ca 2þ -dependent contractile system controls the rapid contraction of stress fibres, and thereby regulates the organization of thick peripheral stress fibres. On the other hand, the Rho-kinase-dependent contractile system controls both slow and fine-tuned contraction, while also regulating the organization of the fine central stress fibres and focal adhesions in the cell.
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